Several regular topologies have been proposed to be used as the logical topology for WDM networks. These topologies are usually evaluated and compared based on the metrics related to network performance. It can be simply shown that this is generally not sufficient since better network performance can be achieved by increasing more network facilities. However, doing this eventually increases the network cost. Thus, the comparison of topologies must be performed by using an evaluation function that includes both the network performance metric and the network cost. In this paper, we propose a model to find the optimum regular logical topology for wavelength routed WDM networks. ShuffleNet, de Bruijn graph, hypercube, Manhattan Street Network, and GEMNet are the five well-known and commonly used regular topologies compared in this paper. By solving the two subproblems on node placement optimization, and routing and wavelength assignment, we obtain the evaluation function used in the topology comparison. Numerical results show that GEMNet is the optimum logical topology for the wavelength routed WDM networks, where it can take one of the three forms of ShuffleNet, de Bruijn graph, and its own configurations. key words: wavelength routed WDM networks, logical topology, node placement optimization, routing and wavelength assignment, optimization
Introduction
Wavelength division multiplexing (WDM) provides a large number of high-speed channels on a single optical fiber by transmitting multiple data streams in the form of independently modulated wavelengths of light in the spectrum passed by a fiber [1] .
With tunable transceivers equipped at each network node, lightpaths [2] , which are clear optical channels requiring no optoelectronic conversion, can be set up between nodes by assigning an appropriate wavelength to each pair of transmitter and receiver. The connection between a pair of source and destination nodes can be made by using either a single-hop connection if there exists a direct lightpath connecting the two nodes, or a multihop connection via a sequence of lightpaths [3] . In the latter case, optoelectronic conversions are needed at intermediate nodes. The topology of lightpaths is called logical topology (also called virtual topology), which can be adaptively adjusted according to the network status such as traffic changes and failures [4] .
The logical topology design problem in WDM networks has been studied extensively in the literature [5] . For example, the design problem has been formulated as an optimization problem to determine the logical topology which yields optimum network performance [6] , [7] . In these cases, the logical topologies obtained are of arbitrary type such as the example illustrated in Fig. 1 
(a).
On the other hand, there are various studies that proposed to use regular topologies as the logical topology for WDM networks [8] . A well-known example is the ShuffleNet in Fig. 1(b) . Compared to arbitrary ones, regular topologies have many good characteristics for being used as the logical topology such as the simplified routing mechanism for reducing processing time required at each node.
Among the several regular topologies, however, there is no clear solution of which topology should be adopted. Most of the studies only suggested that a specific regular topology has good characteristics for WDM networks [3] , [8] , while other studies just fixed the logical topology to some selected regular topologies without stating any reasons to support their selections [9] , [10] . Although there are some studies on the comparison of regular topologies, most of them focused on the evaluation and comparison based on the metrics related to network performance [11] , [12] . This is generally not sufficient since better network performance can be achieved by increasing more network facilities and components. However, this eventually increases the network cost. Thus, the comparison of topologies needs an evaluation function that considers the network performance and network cost simultaneously.
An important design problem related to the regular logical topology in WDM networks is the node placement optimization (NPO) problem [13] , [14] (also called the node mapping problem [10] ). The objective of the NPO is to find an optimum placement of physical network nodes to the nodes in a given logical topology such that a predefined network performance metric is optimized. A good candidate of the performance metric used in the literature is the weighted mean hop distanceh [14] (defined in Sect. 2).
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However, comparing regular topologies by usingh only is not appropriate sinceh can be simply decreased by increasing the nodal degree p. In the logical topology, p is the number of transceivers implemented at each node, i.e., each node has p transmitters and p receivers. Clearly, increasing p also increases the cost of the network. Thus,h is not a good evaluation function for determining the optimum regular logical topology, and another evaluation function is needed.
We have studied the optimum regular logical topology for WDM networks based on the broadcast-and-select configuration, where the evaluation function consists of two main parts, namely the network performance and network cost [15] . However, the broadcast-and-select based network configuration has several problems when it is used in wide area networks. First, a large-sized network requires an enormous number of wavelengths, typically at least as many as there are nodes in the network. Another problem is the splitting loss. Since the signals transmitted from a node is broadcasted to all other nodes in the network, each node receives only a small fraction of the transmitted power which becomes smaller as the number of nodes increases. To alleviate these problems, another network configuration based on wavelength routing is proposed [10] . The networks employing this configuration are known as wavelength routed networks, which offer several advantages such as wavelength reuse, scalability, and reliability. Therefore, this paper concentrates the study on the wavelength routed WDM networks.
The objective of this paper is to compare a set of wellknown and commonly used regular topologies, and determine the optimum topology for wavelength routed WDM networks. ShuffleNet, de Bruijn graph, hypercube, Manhattan Street Network, and GEMNet [8] are the five regular topologies compared in this paper. The evaluation function used in the comparison includes both the network performance metric and the network cost.
The general approach to design a wavelength routed WDM network is to divide the main design problem into two separated subproblems and solve each subproblem independently. For regular logical topologies, the first subproblem is the NPO mentioned above. Solving the NPO yields the logical topology specifying a set of lightpaths connecting between node-pairs. The second subproblem is the routing and wavelength assignment (RWA) [16] , [17] , where the route of each lightpath on the physical network is determined, and an appropriate wavelength is assigned to each lightpath so as to minimize the total number of wavelengths required in the network. Based on the RWA results, we obtain the details of the physical structure of the network nodes, which reflect the cost of the network. It will be shown later that the evaluation function used in the topology comparison is constructed by the results of the NPO and RWA subproblems.
The rest of this paper is organized as follows. The NPO as well as the regular topologies considered in this paper are discussed in Sect. 2. Section 3 describes the RWA and the node architecture in wavelength routed WDM networks. In Sect. 4 , an evaluation function is defined, where the function consists of the metrics related to the network performance and cost. Numerical examples and discussions are given in Sect. 5. Finally, Sect. 6 concludes this paper.
Node Placement Optimization
In this section, we discuss the NPO problem in WDM networks, and the regular logical topologies considered in this paper. An illustrative example of the NPO result is also given at the end of this section.
Problem Statement
Given a set of physical nodes in a WDM network, the matrix specifying the amount of traffic between each node-pair, and a regular topology for use as the logical topology, the objective of the NPO is to find an optimum placement of the physical nodes into the regular topology such that a predefined optimality criterion is satisfied. In other words, we need the optimum mapping between the physical nodes and the nodes in the regular topology.
Let n be the number of physical nodes, N be the number of nodes in the regular topology, H = [h i j ] be the distance matrix where h i j is the hop distance from node i to j in the regular topology, and F = [ f kl ] be the traffic matrix where f kl denotes the traffic rate from node k to l. Due to the modular property of several regular topologies, it is possible that n < N. In these cases, we need to introduce N − n auxiliary nodes to the physical network, where f kl = 0 when k or l is an auxiliary node. Note that the auxiliary nodes are added for analysis purposes only. Since they are not practically implemented, the logical topologies obtained are injured regular topologies [10] .
For a given node placement pattern Π = {π(i)} whose element π(i) is the physical node placed at node i in the regular topology, we can define the weighted mean hop distancē h [14] as
where
N l=1 f kl . Thus, the optimum solution of the NPO problem is the placement Π which minimizesh.
Obviously, the NPO problem is equivalent to a well-known combinatorial optimization problem called the quadratic assignment problem (QAP) [18] . Since the QAP is NP-complete, we have that the NPO problem is also NPcomplete. Although some heuristic algorithms have been proposed for solving the NPO problem [13] , [14] , they have some drawbacks on the diversity of the solutions obtained. As a consequence, this paper adapts the metaheuristics previously proposed for the QAP to solve the NPO problem. They are evolutionary algorithms [19] and tabu search [20] . The performance of these methods is discussed in Appendix A.
Regular Logical Topologies
As mentioned above, this paper considers the following five well-known regular topologies. For all topologies, there is a common parameter p, which is the nodal degree. Recall that N is the number of nodes.
• ShuffleNet [21] : a (p, k) ShuffleNet has N = kp k , where k is the number of columns.
• de Bruijn graph [22] : a (p, D) de Bruijn graph has N = p D , where D is the diameter of the topology.
• hypercube [23] : a hypercube has N = 2 p .
• Manhattan Street Network (MSN) [24] : an MSN has p = 2, and N = R × C, where R and C are the number of rows and columns, respectively.
which are arranged in K columns and M rows, where
Some examples of the regular topologies are depicted in Fig. 2 . Note that a GEMNet can reduce to a ShuffleNet when M = p K , and also to a de Bruijn graph of diameter D when M = p D and K = 1. Physically, a link connecting a node-pair in the logical topology represents a lightpath between the two nodes, while the nodal degree p is the number of transceivers equipped at each node. For the regular topologies in Figs. 2(a)-(d) , the values of p are 2, 2, 3, and 2, respectively. Since increasing p provides more paths between nodepairs,h is decreased. Thus, a regular topology with large p generally has smallh [11] , [12] . However,h is obviously not a good evaluation function for determining the optimum regular topology since a large value of p results in the high network cost. Clearly, using other network performance metrics as the evaluation function in the topology comparison is also not appropriate since better network performance can be achieved by increasing more network facilities, e.g., increasing p. However, this eventually increases the network cost. Thus, another evaluation function is needed in the comparison where the performance metric and network cost are both considered in the function [15] . In this paper, an evaluation function is defined in the way that one of its components ish which is used to measure the network performance.
An Illustrative Example
This section gives an example of solving the NPO problem. The physical WDM network is the 8-node network in Fig. 3 . Note that each physical link represents a pair of input/output optical fibers to a node. For the logical topology, we investigate the embedding of the 8-node ShuffleNet with p = 2 in Fig. 2(a) . The traffic matrix is 
After solving the NPO problem, we obtain the optimum solution as illustrated in Fig. 4 withh = 1 .83. Each link in the logical topology represents a lightpath between a node-pair. From the above result, we can see that some lightpaths must be embedded in the physical network by using multiple fibers via intermediate nodes.
Routing and Wavelength Assignment
This section discusses the RWA problem and the node architecture in wavelength routed WDM networks.
Problem Statement
The result of the NPO problem is a set of lightpaths connecting between node-pairs. Then the second subproblem of the WDM network design is the RWA, which finds a route and assigns a wavelength to each lightpath such that the overall number of wavelengths required in the network, Λ, is minimum [17] .
For the lightpath routing, this paper considers the shortest-path routing [10] , [16] due to its simplicity and effectiveness. Thus, each lightpath is accommodated to the physical network via the shortest path between the source and destination nodes.
After the routing of all lightpaths is completed, wavelength assignment to each lightpath is conducted with the constraint that different wavelengths must be assigned to the lightpaths passing through the same physical link. We also assume that there are no wavelength converters in the network, and a lightpath must be assigned with a single wavelength along the path, i.e., the wavelength continuity constraint.
It is important to note that the wavelength assignment problem is equivalent to a well-known NP complete problem called the graph coloring problem [17] , where the minimum Λ is equal to the minimum number of colors (the chromatic number) of the equivalent graph. Several efficient heuristics and metaheuristics have been proposed to solve the graph coloring problem [26] . Thus, this paper applies these methods to solve the wavelength assignment problem in WDM networks. See Appendix A for the performance of these methods.
An Illustrative Example
From the example in the last section, we can solve the RWA problem for the set of lightpaths obtained from the NPO result. The optimum solution obtained has Λ = 4. One part of the result is illustrated in Fig. 5 , where the wavelength assignment of all lightpaths corresponding to node 1 is shown. The four wavelengths used are λ 1 , λ 2 , λ 3 , and λ 4 .
Clearly, there are three types of lightpaths related to each network node. The first type is the lightpaths that pass through or cross connect the node, while the second and third type are those having the node as the source and destination node, respectively. For node 1 in Fig. 5 , we have that the lightpaths 0-2, 2-7, 3-0, and 7-3 are of the first type, the lightpaths 1-3 and 1-4 are of the second type, and the lightpaths 3-1 and 6-1 are of the third type.
Node Architecture
In a wavelength routed WDM network, each node has capability to perform wavelength routing. Figure 6 shows the structural architecture of node 1 in the above example [6] , [10] , [16] .
The lightpaths from an input optical fiber or the transmitter array are separated according to their wavelength by a grating demultiplexer. The signals of each wavelength are then forwarded to the optical switch for that wavelength. Thus, the number of optical switches equipped at each node is equal to Λ, i.e., one per wavelength.
Each optical switch routes the lightpaths to their desired output. For the lightpaths of the first type, which cross connect the node, they are routed to the desired output fiber. For example, the lightpath 0-2 using the wavelength λ 4 from the input fiber a (node 0) is routed through the switch λ 4 to the output fiber of node 2 (denoted by 4a in Fig. 6 ).
For the lightpaths of the second type, which have the node as the source node, they are also routed to the desired output fiber. In this case, the signals of these lightpaths are sent from the transmitter array. One example is the lightpath 1-4 using λ 2 , which is routed to the output fiber of node 2 (denoted by 2l in Fig. 6 ).
The lightpaths of the third type, which have the node as the destination node, are routed to the receiver array for lightpath termination. One example is the lightpath 6-1 using λ 2 from the input fiber a (node 0), which is routed through the switch λ 2 to the receiver (denoted by 2a in Fig. 6) .
The lightpaths to an output fiber or the receiver array are grouped together by a grating multiplexer.
For each network node, the number of transceivers is equal to the nodal degree p. Recall that p = 2 in Fig. 6 . In this example, the transceivers at node 1 are tuned to the wavelengths λ 1 and λ 2 .
Logical Topology Optimization
This section defines an evaluation function used in the topology comparison for determining the optimum regular logical topology for WDM networks.
Evaluation Function
As mentioned above, it is not appropriate to use a network performance metric as the evaluation function for the topology comparison. Thus we need another function that considers both the network performance and cost simultaneously. To define such kind of evaluation function, this paper follows the function developed in Ref. [15] .
Generally, the evaluation function is in the form of network performance per unit cost, which is needed to be maximized for finding an optimum regular topology. This paper adopts the network throughput for the part of performance metric in the evaluation function. The throughput T can be approximated [7] by
where C is the network capacity, andh is the weighted mean hop distance defined in the NPO. Clearly, maximizing T is equivalent to minimizingh [7] . We let D be the network cost, and define the evaluation function as T/D, i.e., performance per cost. Hence, maximizing T/D is equivalent to minimizingh × D. As a consequence, the evaluation function X used in the topology comparison is then defined as
which is needed to be minimized.
Network Cost Model
For simplicity, we assume that the network cost D consists of the node costs only, where link costs are neglected. Thus, we have
where D i is the cost of node i, and n is the number of nodes in the physical network. The cost model developed in Ref. [27] is used in the calculation of D i . In the node, the most expensive elements are the optical switches and the transceivers. The cost of an optical switch can be measured by the number of 2 × 2 crosspoint elements contained in the switch. In this model, it is assumed that the switches are implemented using banyan switches, each of which requires M 2 log 2 M crosspoint elements, where M is the number of input/output ports on a switch, which is also the number of ports of a node. In addition, the number of optical switches equipped in a node is equal to the number of wavelengths Λ. We assume that the cost of a 2 × 2 crosspoint element is one unit, while that of a transceiver is α units. Therefore, the node cost D i can then be given by
where M i is the number of input/output ports of node i, and p is the nodal degree. It is obvious that the evaluation function defined in this paper consists of two main parts, each of which is the result of the NPO and RWA subproblems.
Numerical Results and Discussions
This section provides numerical results and discussions on the optimum regular logical topology for wavelength routed WDM networks based on the evaluation function X defined above.
We consider WDM networks with the number of physical nodes n varied from 5 to 32. The physical network topology is randomly generated, where the physical nodal degree is between 2 to 4. An example of the physical topology is given in Fig. 7 for the case of n = 5.
When a regular topology is applied to the physical network, we choose the pattern of the regular topology with minimum N such that N ≥ n. For example, a ShuffleNet Fig. 7 The physical network topology for the case n = 5. Table 1 The average value ofh for different logical topologies and network sizes. For each case, the nodal degree p is given in the parenthesis. Table 2 The average value of X for γ = 1. Table 3 The average value of X for γ = 10.
with N = 8 is chosen for the network with n = 5. In the case of GEMNet which can have multiple configurations for a given value of N, we let it take the form of ShuffleNet or de Bruijn graph if possible, otherwise we follow the guidelines in Ref. [25] for the setting of good configurations.
Two types of traffic models are studied. The first type is the uniformly distributed random traffic, where the traffic rate between each node-pair in the network is randomly set between 0 and 1. The second type is the non-uniformly distributed random traffic. In this traffic model, about 10% of nodes are specified as server nodes each of which has its own group of client nodes to serve. The traffic rate from a server node to a client node it serves is a uniformly distributed random number between 0 and γ, while the traffic rate for the rest of node-pairs is randomly set between 0 and 1. We call γ the traffic skew factor. The case of γ = 1 is equivalent to the uniformly distributed random traffic model. This paper sets γ equal to 1, 10, and 100.
For each network size and traffic model, ten traffic patterns are generated and each regular topology is applied to be the logical topology.
Then the NPO problem is solved for each problem instance. Table 1 gives the average value ofh for each regular topology whose p is given in the parentheses. In the table, sh is ShuffleNet, msn is Manhattan Street Network, deB is de Bruijn graph, hyp is hypercube, and gem is GEMNet. Due to the space limitation, only some values of n are presented. Table 1 shows thath is generally decreased when p is increased as expected.
Next, the RWA problem is solved to determine Λ. Then we can calculate the network cost D in which the cost ratio α is varied for three cases: 1, 10, and 100. Finally, X can be obtained for each problem instance. Tables 2, 3, and 4 summarize the results on the optimum logical topology denoted by the shaded area at which the average value of X is minimum. See also Appendix B for the worst case analysis of X.
The results clearly show that GEMNet is optimum for almost of the cases, especially, it is the only one optimum topology for n = 5 and 13. Note that GEMNet can realize networks of all n, i.e., we can always construct an n-node GEMNet. Obviously, other topologies need auxiliary nodes for n = 5 and 13.
Since GEMNet can reduce to ShuffleNet and de Bruijn graph, the two topologies are also optimum in some cases of n. Note that ShuffleNet can realize the cases of n = 8, 18, Table 4 The average value of X for γ = 100. Table 5 The average value of X for GEMNet and MSN. and 32, while de Bruijn graph can realize n = 8, 16, 25, and 32. For the cases of n which can be realized by only one topology either ShuffleNet or de Bruijn graph, that topology is the optimum logical topology. For the cases of n which can be realized by both topologies, one of them is the optimum. In the case of n = 8, the optimum topology depends on α and γ. However, the values of X of the two topologies are not so different since their p's are the same. For the case of n = 32, de Bruijn graph is the optimum topology. This is because it has smaller p than ShuffleNet.
MSN is optimum in some cases. For example, it is optimum when n = 8 at which ShuffleNet is optimum, since the two topologies are equivalent at this n. Moreover, MSN is better than GEMNet at n = 18 and 25 when γ = 10 and α = 100, and γ = 100. In these cases, MSN has largerh since it always fixes p to 2. However, this property of small p leads to smaller D and eventually yields smaller X. Although GEMNet has smallerh, the decreasing inh is less than the increasing in D compared to MSN. When n = 32, MSN is worse than GEMNet, which is in the form of de Bruijn graph, because they have the same p. Since small p is one of the good property of the optimum topology, we further investigate the GEMNet with small p for n = 18 and 25 by setting p = 2 and using (2, 9, 2) and (1, 25, 2) GEMNets, respectively. The results are given in Table 5 where GEMNet is better than MSN in all cases.
In the numerical results, note that hypercube is never optimum. Although it has large p which gives smallh, its D is large and this results in large X.
The cost ratio α and the traffic skew factor γ have almost no effect on the optimum topology. Although some effects are observed in the case of n = 8, where the optimum is either ShuffleNet or de Bruijn graph, the two topologies have almost the same X as mentioned above. Thus, the above results are widely applicable, where the optimum topology strongly depends only on the size of the network.
Conclusions
This paper evaluates and compares a set of well-known regular topologies for use as the logical topology of wavelength routed WDM networks. Unlike the previous studies which usually use network performance metrics in the topology comparison, this paper defines an evaluation function that simultaneously considers the network performance metric and network cost. Numerical results show that GEMNet is the optimum logical topology, where it can take one of the three forms: ShuffleNet, de Bruijn graph, or its own configurations. The results of this paper can be used for the selection of the logical topology for WDM networks. GHz. For larger n, CE could not give global optima in acceptable time (e.g., the estimated time for n = 16 is longer than one year). Thus, it can be concluded that the heuristics used for solving the NPO problem have good performance in finding optimum solutions. Next, we examine the heuristics for the RWA problem. Largest-first and smallest-last are the two heuristics compared to CE as presented in Table A· 2.
Note that the number of lightpaths n l can be computed by n l = n × p. Each solution in the table is the average number of wavelengths for the ten problem instances of each n. Clearly, the heuristics can give the global optima for small n with much shorter time. For n = 8, CE needs nearly 5 hours to find a global optimum. Thus, the heuristics used in this paper for the RWA problem also have very good performance in finding optimum solutions with short computation time.
Appendix B: Worst Case Analysis of Logical Topology Comparison
Table A· 3 summarizes the worst case analysis of logical topology comparison. The results are similar to those obtained in the analysis based on the average value of X. It can be seen clearly that GEMNet outperforms other topologies in the worst case analysis. Due to the space limitation, the results of the case γ = 1 are only given. However, other cases are also similar to the analysis based on the average value of X.
